Summary. The amount of nuclear sulphydryl and disulphide groups was determined by cytofluorometry on single mouse spermatozoa from the caput, corpus and cauda epididymidis, and the vas deferens. N-(7-Dimethylamino-4-methylcoumarinyl) maleimide was used as a specific and quantitative fluorescent reagent for thiols. The sperm nuclear content of free sulphydryl groups decreased sharply from the caput epididymidis to the vas deferens. The amounts of cysteine residues present as the thiol form in the spermatozoa from the caput, corpus and cauda epididymidis and vas deferens were 50, 15, 5 and 3% respectively.
Introduction
During mammalian spermatogenesis, two main processes take place in the testis : morphogenesis of the maturing gamete (which acquires a species-specific sculpture and whose chromatin becomes progressively condensed ; Fawcett, 1958 ; Fawcett, Anderson & Phillips, 1971 ), and replacement of the somatic histones with protamines, which are characteristically rich in arginine and cysteine residues (Lam & Bruce, 1972; Bellvé, Anderson & Hanley-Bowdoin, 1975) .
However, spermatozoa released from the seminiferous epithelium are not fully mature, from a functional standpoint, and must complete their maturation during passage through the epididymis, where all sperm structures (chromatin, head membranes, midpiece and tail) become progressively rigid, mainly through the oxidation of cysteine thiol groups to disulphide bonds (Bedford, Calvin & Cooper, 1973b ;  Saowaros & Panyim, 1979) . The structural reinforcement of the midpiece and tail is probably related to the achievement of motility (Calvin & Bedford, 1971) , but the extraordinary stability of both chromatin and perinuclear material may protect the inactivated paternal genome from the potentially hostile environment of the female genital tract (Calvin & Bedford, 1971; Saowaros & Panyim, 1979) , or provide an effective mechanical protection for the penetration through the thick and rigid zona pellucida of eutherian eggs (Bedford & Calvin, 1974) .
The involvement of-S-S-cross-links in stabilizing the sperm chromatin has been assessed by morphological studies with light and electron microscopy, comparing the rates of chromatin decondensation after treatment with sodium dodecyl sulphate (SDS) and dithiothreitol (DTT) (which break up non-covalent and disulphide bonds, respectively) in spermatozoa from successive regions of the epididymis and vas deferens (Calvin & Bedford, 1971 ; Bedford & Calvin, 1974) . A significant proportion of -S-S-bonds is established in chromatin during epididymal transit, and this has been also shown biochemically (Calvin, Yu & Bedford, 1973; Marushige & Marushige, 1975; Saowaros & Panyim, 1979 However, a quantitative study in situ of the formation of disulphide bonds in sperm nuclei throughout maturation is not available. A few microdensitometric data concerning the amounts of -S-S-groups in spermatozoa from the caput epididymidis and vas deferens were reported by Redi, Garagna & Pellicciari (1982) after performic acid-Schiff reaction, but these results were not completely satisfactory ; the method had low sensitivity and, since no protection against -SH group autoxidation was introduced during fixation, the amount of -S-S-bonds was probably over¬ estimated, especially for spermatozoa from the caput epididymidis.
In the present paper, the amount of nuclear sulphydryl and disulphide groups was evaluated on single spermatozoa from mouse epididymis and vas deferens by quantitative cytofiuorometry, using a highly specific fluorescent reagent for thiols.
Materials and Methods
Three 10-week-old male mice (dd strain: Hokuriku Experimental Animals, Kanazawa, Japan) were used in the present study. After (Sippel, 1980) , and then washed for 2 h with successive changes of distilled water. Slides were treated for 90 sec with 0-1% 2-mercaptoethanol (v/v) in 0-1 N-HC1, to release -SH groups blocked by mersalyl acid : at this concentration, acidified 2-mercaptoethanol does not induce any reductive cleavage of -S-S-bonds (Sippel, 1980) . Native -SH groups are directly stainable with 7V-(7-dimethylamino-4-methylcoumarinyl)-maleimide (DACM) (Yamamoto, Sekine & Kanaoka, 1977; Ogawa, Taneda, Kanaoka & Sekine, 1979) , while -S-S-bonds must be previously reduced to the sulphydryl form. For this purpose, slides were treated with 001 M-DTT in 005 M-borax buffer pH 9 (Calvin & Bedford, 1971) for 1 h at 37°C : this treatment permits cleavage of the -S-S-bonds and determination of the total amount of protein -SH residues present in the nucleus. As a control of the staining specificity, some smears were immersed for 1 h at 37°C in 0-01 M-iodoacetamide in 01 M-phosphate buffer pH 8; iodoacetamide is a well-known blocking agent for -SH groups (Benesch & Benesch, 1962) .
After the treatments, the slides were rinsed for 15 min in distilled water and stained as a single batch for 20 min with 10"5 M-DACM (Teika Seiyaku, Co. Ltd, Toyama, Japan) in 004 mphosphate buffer pH 6-85 (Yamamoto et al., 1977; Broekaert et al., 1982) ; they were then washed for 15 min (3x5 min changes) in the same buffer, rinsed for 5 min in distilled water, dehydrated and mounted with non-fluorescent medium, Eukitt (Vitromed Co., Basel, Switzerland).
Measurements of the DACM-positive material were taken with an Olympus BH2-QRFL microfluorometer; preparations were measured under conditions in which the excitation, dichroic and barrier filters were 405, 500 and 515 nm, respectively. The microfluorometer was used on line with a HP85 microcomputer which produced immediate frequency histograms of the fluorescence intensities, while the raw data were stored for successive statistical analyses and further displays (Fukuda, Hoshino, Naito & Morita, 1982) . For all the animals studied, at least 100 measurements were taken for each anatomical location. The differences of amount of DACM-positive material in spermatozoa from different locations were statistically evaluated by Student's t test.
Results
After SDS treatment in suspension, decapitation of spermatozoa occurred at the implantation fossa, the basal plate remaining connected to the tail segment (Bellvé et al., 1975) . The conditions originally suggested by Bellvé et al. (1975) for decapitating guinea-pig, mouse, rabbit and human spermatozoa were much stronger than those used in the present experiments in which the concen¬ tration and time of SDS treatment were decreased enough to obtain optimum morphological preservation and recovery of whole nuclei, together with the removal of the tail and most of the head membranes. Decapitation of spermatozoa was a necessary pre-requisite for the quantitative analysis because a large amount of sulphydryl and disulphide material is present in the sperm tail structures (Calvin & Bedford, 1971 The percentage values of free thiols for each anatomical location proved to be fairly similar in the 3 mice (Table 2) , and it may be calculated that, in the mouse, about 50% of the cysteine residues should be present as the sulphydryl form in the caput epididymidis, and about 15%, 5% and 3% in the corpus and cauda epididymidis and in the vas deferens, respectively. The differences of -SH group amounts between spermatozoa from the cauda epididymidis and the vas deferens were always statistically significant (P < 0-01).
After blocking of thiol groups with iodoacetamide, no measurable fluorescence was ever observed in spermatozoa from any location examined.
Discussion
The use of DACM as a specific and quantitative fluorescent probe for thiols showed that the decrease of-SH group amount in spermatozoa from the caput epididymidis to the vas deferens was due to the progressive oxidation of the cysteine residues of protamines to disulphide bonds. After -S-S-cleavage with DTT, the values of the DACM-positive material were similar in the sperm populations from all the anatomical locations examined, indicating that no quantitative variations of thiol-rich proteins take place in mouse sperm nuclei during passage along the epididymis and vas deferens. This is in agreement with the report that no change in protamine components occurs during human sperm maturation (Saowaros & Panyim, 1979) . The slight differences observed among the 3 mice studied in the percentage amount of cysteine residues present as the sulphydryl form could be due either to real individual differences of the maturation process, or to minor technical variation during sperm decapitation and smearing. The percentage value of -SH groups in caput epididymal spermatozoa perfectly corresponds to that obtained by biochemical analyses of rat spermatozoa by Marushige & Marushige (1975) , who, how¬ ever, reported that virtually all the cysteine residues of cauda epididymal spermatozoa are already present as disulphides. Our data showed that the amount of-SH groups is still slightly, but signifi¬ cantly, higher in the cauda epididymidis than in the vas deferens, suggesting that, in the mouse, the final completion of chromatin stabilization could take place in the vas deferens, although disulphide formation mainly occurs along the epididymis. Similar results were obtained by Saowaros & Panyim (1979) who observed an increase of -S-S-bonds in human ejaculated spermatozoa compared to those from the cauda epididymidis.
The fact that, in spermatozoa from the caput epididymidis, we never observed values of DACM-positive material corresponding to those recorded after reductive treatment with DTT seems to strengthen the hypothesis of Rodman, Litwin, Romani & Vidali (1979) that the formation of disulphide bonds starts in the testis, probably at the final (15-16) stages of spermiogenesis. Determinations of DACM-positive material in spermatids that were morphologically at the late stages of testicular spermiogenesis showed that a mean 15% of the -SH cysteine residues were already present as disulphides; however, these preliminary data were not included in the present paper because they referred to a heterogeneous population of spermatids isolated from the testis, for which it was impossible to define, after DACM staining, the precise maturation stage.
The use of DACM staining has been shown to be a suitable, direct and quantitative tool for evaluating the degree of chromatin stabilization by the simple comparison of the amount of -SH residues in spermatozoa. Since it has been suggested that sperm chromatin instability, due to a low amount of-S-S-cross-links, could be associated with some cases of male infertility (Bedford, Bent & Calvin, 1973a) , DACM staining could be used to determine the variation of-SH amount in spermatozoa from fertile and infertile subjects.
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